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Linearity and stability of the pressure response of five different commercial quadrupole partial
pressure analyzers and the influence of ion source parameters (emission current, electron energy,
and ion energy) on the response has been investigated over the range 10~ "-10~" Pa for He, N,,
and Ar. In the 10 °-10~" Pa range, each instrument developed a maximum (as large as a factor
of 100 in one instrument ) in the sensitivity versus pressure relation when operated with “low” ion
energy (about 2-3 eV). All but one of the instruments also showed significant low-pressure
nonlinearity, down to pressures as low as 10~ 7 Pa in one instrument, when operated at “high” ion
energies (greater than about 7 V). These results bring into question the often-assumed linearity
of such instruments at low pressures. The dependence of the signal developed from a constant
pressure (10~ ° Pa) trace gas as a function of the pressure of another gas (the matrix) was studied
using He and Ar as the trace and matrix, and vice versa. The results demonstrated an apparent
correlation between the magnitude of this dependence, and an instrument’s nonlinearity as a
function of pressure with the matrix gas alone. Brief exposures to certain active gases (O,, C,H,,
CO,, CO) were found to cause shifts as large as 10% in the instruments’ inert gas sensitivities
(He, N,, Ar). Tens of hours were required to return to pre-exposure sensitivities. Absolute argon
sensitivity, monitored over a period of 220 days, for a standard set of operating parameters and
with Faraday cup ion detection, showed initial one-directional changes as large as a factor of 2 for
one instrument and a scatter of about + 20% in all the instruments. The very large differences
among the five test instruments with regard to sensitivity, linearity, and stability, as well as the
influence of one gas on the sensitivity to another, point out the need for careful characterization

and calibration of such instruments for all except the most qualitative applications.

I. INTRODUCTION

For many vacuum applications, the partial pressures of cer-
tain component species of a gas are of more interest than the
total pressure of the gas in a system. Partial pressure mea-
surements are generally made with mass spectrometer-type
instruments, commonly known as partial pressure analyzers
(PPAs) or residual gas analyzers. Hereafter, these instru-
ments will be referred to as PPAs. These instruments are
generally smaller and less expensive than many analytical-
type mass spectrometers, and are designed to be attached as
an appendage instrument to an independent vacuum system.
In many cases, particularly where PPAs are used to analyze
the residual gases in a vacuum system, the absolute partial
pressures are not so important; rather, the primary interest is
in the relative partial pressures of molecular species (e.g., H,
O, N,, O,, CO) that are indicative of the condition of the
vacuum system. In other cases, such as process control or the
measurement of absolute leak rates, it is necessary to deter-
mine the pressure of one or more gas constituents in absolute
units, e.g., Pascals (1 millibar = 100 Pa, 1 Torr = 133.322
Pa). In any case, some level of calibration of the instrument
is necessary in order to convert the instrument output
(amps) to either relative or absolute pressure units.

The calibration may be performed by the manufacturer
(i.e., the instrument as supplied, has a readout expressed in
pressure units), the instrument may be calibrated by an inde-
pendent calibration laboratory or by the user. In each case,
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as with all calibrations of any type of instrument, the ques-
tion must be asked, “How accurate will the results be at the
time of use?”” This question may be particularly pertinent in
the case of instruments with output in pressure units but no
information from the manufacturer as to the uncertainty of
the indicated partial pressures. In general, the accuracy of
the results will depend on two factors. First is the calibration
procedure, i.e., the accuracy of the reference standard and
the adequacy of the calibration system. The second, and of-
ten more important factor is the performance of the instru-
ment. Critical questions about PPA performance include:
How stable is the instrument response with time? How de-
pendent is the response on the history of use of the instru-
ment? How linear is the response with pressure? Can the
response for one molecular species be predicted from the
known response for another species? How will the response
for one species be affected by the pressure of other species?
How dependent is the instrument response on instrument
control variables?

We have attempted to answer these questions about in-
strument performance for a group of commercial PPAs. Our
objectives were to determine some measure of the range of
performance that can be expected from commercial instru-
ments, to highlight particular problems that must be ad-
dressed if usable calibration results are to be obtained and, if
possible, to discover correlations between design features
and performance. Our primary interests in this study were
the first of the questions raised in the previous paragraph,
i.e., stability, linearity, and the interactions between and the
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effects of different gases. However, as it turned out, the last
question, “How dependent is the instrument response on
instrument control variables?” is a critical question for most
of the instruments that we tested. The performance of some
instruments was found to be strongly dependent on operat-
ing parameters. An initial series of measurements was made
to examine the dependence of sensitivity on ion source pa-
rameters and peak width. This was followed by an extensive
series of measurements to determine the dependence of sen-
sitivity on pressure, for various combinations of ion source
parameters. Subsequent tests, performed at a somewhat ar-
bitrary but fixed “base” set of parameters, examined stability
of response with time and influence of one gas on sensitivity
to another.

Our selection of instruments for this investigation was dic-
tated largely by availability, but we achieved diversity in at
least one regard: the cost of the instruments ranged from
$7000 to $29 000. Since the market for PPAs has been domi-
nated in recent years by electric quadrupole-type instru-
ments,' most of the instruments available to us were quadru-
poles, and the five instruments for which we have extensive
test results are all quadrupoles.

II.EXPERIMENTAL APPARATUS AND PROCEDURES
A. Test instruments

A typical quadrupole gas analyzer is illustrated in Fig. 1.
It has three basic sections: an electron-impact ion source, a
quadrupole ion filter and an ion detector. The ion source
may be any of several different designs but all have four
critical variables: the electron emission current; the fila-
ment-to-anode voltage, which is the primary factor deter-
mining electron energy; the ion extraction voltage, whichisa
factor in determining ion focusing; and the potential differ-
ence between the ion source and the quadrupole axis, which
is the primary factor in determining ion speed through the
quadrupole filter. Once it has left the source, the probability
of an ion passing through the analyzer depends on the di-
mensions of the analyzer, the relative dimensions of the
source and its alignment with the analyzer, the ion energy,
the magnitude and frequency of the rf voltage on the analyz-
er, and the ratio of the dc to the rf voltages. The current
generated at the detector by ions passing through the analyz-
er will depend on the size and alignment of the detector, its
surface condition, and, for secondary electron multipliers,
the secondary emission efficiency and accelerating voltages
of the detector. Principles and applications of quadrupoles,
as well as other types of PPAs, are discussed in various re-
view articles.””®

Cathode
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F1G. 1. Typical quadrupole gas analyzer.
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Commonly, instrument controls for different operating
parameters are identified by descriptive but not entirely ac-
curate names. As an example, the control for the potential
difference between the anode (corresponds to-the grid or
plate in an ionization gauge) and the filament is commonly
called “electron energy.” While electron energy in the region
where the extracted ions are produced is largely determined
by this potential, it is also influenced by other factors, e.g.,
field gradients and space charge. We will maintain the dis-
tinction between common terms and physical parameters by
the use of the term “control” where appropriate.

The five test instruments are identified by the letters A-E,
and several design parameters for these instruments are pre-
sented in Table I. All instruments were new at the time the
tests were started. For some instruments, all of the electrical
parameters can be adjusted by the user, in other cases most of
them are preset by the manufacturer. The range of adjust-
ment of the ion source parameters is also indicated for the
different instruments in Table I. In some cases preferred op-
erating parameters were specified by the manufacturer, in
other cases no preference was specified. A single number
indicates a preset, and presumably preferred value. The ion
sources for the five instruments are illustrated in Fig. 2. In
order to minimize variables, it was our original intention to
operate all instruments with tungsten filaments, however,
two of them were available only with thoria-coated iridium
filaments.

All PPAs were operated with their commercial control
units. However, for instruments 4, B, D, and E, ion current
measurements were made using a multiplexer and a com-
mon digital picoammeter. Ion current in instrument C was
not directly accessible; for this instrument the digital output
of its analog-to-digital converter was recorded. In every
case, Faraday cup or plate ion collectors were used; second-
ary electron multipliers (SEMs) were not used in any of the
measurements. The accuracy of the picoammeter was
checked with a calibrated current source and its uncertainty
is estimated to be 1% or less for all ranges. All uncertainties
quoted in this article are at the 99.7% confidence level.

To check the consistency of our results and the perfor-
mance of the calibration apparatus, two Bayard-Alpert
(BA) ionization gauges were tested at the same time and in
the same manner as the PPAs. One of the ion gauges was
glass tubulated, the other was a nude design. Both had tung-
sten filaments and were operated at 1 mA electron emission,
30 V filament bias, 180 V grid bias, and the ion collector at
ground. The same picoammeter was used for the ion gauge
current measurements as was used for the PPAs. It should be
noted therefore, that with the exception of PPA C, the errors
in our results due to noise, drift, and mismatch between mea-
suring ranges of our calibrated digital picoammeter may be
less than the corresponding errors associated with the instru-
ments’ own ammeters (electrometers).

B. Calibration apparatus
1. Vacuum system

The calibration apparatus is illustrated schematically in
Fig. 3. The construction, including gas inlet lines, was weld-
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PPA test instrument A B C D E

Rod length (mm) 100 140 114.3 220 125

Rod diameter (mm) 6.0 6.3 6.3 19 6.3

Field radius (mm)* 2.6 2.73 2.71 8.38 2.25

Frequency (MHz) 2.46 2.5 2.75 1.2 2

ITonizer geometry b b b b b

Filament Thoria-coated Tungsten Thoria-coated Tungsten Tungsten
material iridium iridium

Emission current 0.07-2 0.1-1 0.1-10¢ 0.1-30 1.454
range (mA)

Electron energy 93¢ 25-70° 30-150° 5-100 584
range (eV)

Ion energy 0-15 0-15° 1-10# 0-100 1.6-6
range (eV)

“Radius of cylinder which can fit inside the quadrupole structure and is tangent to the four rods.

" See Fig. 2.

¢1 mA recommended by manufacturer.
9Value fixed by manufacturer’s design.
©70 eV recommended by manufacturer.
"8 eV recommended by manufacturer.
£6-8 eV recommended by manufacturer.

ed stainless steel and metallic demountable seals. The test
chamber was a 45 cm diam cylinder, 17 cm high, with instru-
ment test ports welded into the cylindrical wall midway
between the top and bottom of the chamber. The test instru-
ments were contained in stainless steel housings mounted to
individual test ports with Conflat-type seals. Similarly at-
tached to the chamber were the two BA gauges and a molec-
ular drag gauge (MDG)'® used in the calibration of the test
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FIG. 2. Test instruments (A-E) ionizer geometry, drawn to scale: R = elec-
tron reflector; G = grid (anode) for electrons; L = ion lens or focus ele-
ment; E = entrance plate to quadrupole; F = filament. Note that in instru-
ment B both the focus element and the entrance plate were fixed at zero (0)
V. Also note that the entrance plate in instrument D employs a biased
dielectric element and is not quite as simple as that shown.
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instruments. The calibration chamber was pumped through
a 19mm diam orifice L, by anominal 0.5 m*/s turbomolecu-
lar pump. The basic design of this chamber is similar to the
chamber of the National Institute of Standards and Technol-
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F1G. 3. Schematic diagram of test apparatus. The five test instruments and
the two BA gauges were all attached to the calibration chamber above the
orifice L,.
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ogy primary vacuum standard.!' Based on experience with
that system, the pressures in this chamber are estimated to be
uniform to within 0.1%.

2. Partial pressure control and measurement

Two independent and identical inlet systems were used to
control the partial pressure of test gases. Each inlet system
included an eight liter ballast volume, connected through
electrically controlled valves to a gas supply cylinder and a
mechanical vacuum pump. Following the ballast volumes
were all-metal variable-leak valves. After presetting the leak
valve, the flow of a particular gas into the calibration
chamber and through the orifice L, could be controlled by
adjusting the pressure in the ballast volume. This system
allowed the quick establishment of partial pressures of inert
gases with instabilities of the order of 0.19%/h. However, for
active gases, e.g., CO,, CO, O,, we believe that adsorption
phenomena in the calibration chamber caused delays in the
establishment of equilibrium pressure that could have time
constants of hours at low pressures. Laboratory-grade bot-
tled gases with specified impurities of 0.01% or less were
used for most measurements. Their purities and the integrity
of the gas inlet systems were qualitatively verified using the
PPAs.

The partial pressures were measured using calibrated
MDGs in two different ways. In the first of these, partial
pressures in the calibration chamber were directly measured
using MDG-2 attached to the calibration chamber. This was
done for pressures between 10~* and 10~ ! Pa, with the low-
er limit being set by the random errors of the MDG. The
second technique employed the MDG mounted in each inlet
system upstream from the calibration chamber. Between
each MDG and the calibration chamber is an all-metal ba-
keable valve with a small orifice L, drilled through the valve
seat. With the valve “closed” the pressure P, upstream from
the orifice valve is about 1500 times the pressure P, in the
calibration chamber. The exact value of the pressure ratio
was determined from the ratio of the MDG-1 and MDG-2
readings when the system was operated with a pressure of
about 10™* Pa in the calibration chamber with the valve
closed (note that only MDG-2 needs to be absolutely cali-
brated in this technique). Since the flow through both L,
and L, is molecular for chamber pressures up to about
2.5%X 1073 Pa, the pressure ratio will be constant, and the
MDG-1 readings, with appropriate viscosity corrections,
can be used to predict the calibration chamber pressure for
all gases between pressures of about 107 and 2.5 X 102 Pa.
In practice, this technique was used only for pressures up to
about 10~* Pa. Above this pressure, MDG-2 on the calibra-
tion chamber was used to directly measure the chamber
pressure. The two inlet systems allow the determination of
the partial pressures of two gases at the same time, indepen-
dently of one another to within 1%, if the partial pressures
are within a factor of 15 of one another.

The three MDGs were calibrated for N, against the NIST
primary vacuum standard,'' which has a total uncertainty of
1.7%. When measuring other gases with the MDGs, the N,
effective accommodation coefficient was used and a correc-
tion was made for the molecular weight. Our experience has
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shown that the additional uncertainty introduced by this
procedure does not exceed 2%. Pressure ratios across the
orifices in the valve seats were determined with an uncertain-
ty of 0.3%. From periodic intercomparison of the MDGs,
we believe that changes in their calibrations were no larger
than 1%. Linearly summing these component uncertainties
yields an upper bound of 5% on the systematic uncertainty
in the measured pressures. For many of the PPA calibra-
tions, the linearity of an instrument’s response was of more
interest than the absolute magnitude of its sensitivity. We
estimate that the nonlinearity (maximum change in percen-
tage error with pressure) of the MDG pressure measure-
ments, caused by errors in the gas viscosity correction and
the pressure ratio, did not exceed 1.5%.

C. Procedures
1. Bakeout

After initial assembly, the entire calibration system, in-
cluding the inlet system between the leak valves and the cali-
bration chamber, and all test and calibration instruments,
was baked at 250 °C for eight hours. The ion sources of the
PPAs and the BA gauges were connected to power supplies
with Teflon-insulated wire and operated with 1 mA emission
during bakeout. To minimize transport of tungsten from the
filaments to the surrounding insulators, the filament heating
should be started after the majority of adsorbed H, O in the
system has been driven off by baking and pumped away. We
have found that this procedure gives a lower indicated base
pressure and a “cleaner” residual gas spectrum than ob-
tained with the use of conventional heated—grid outgassing.
No further outgassing of any of the instruments was done.
After bakeout, the residual gas spectrum was dominated by a
H, peak, with the next largest peak due to CO. Indicated
base pressures were about 10 ~® Pa, true H, pressure.

2. Test measurements

Most of the test measurements were a series of calibrations
with pure gases for different values of operating parameters.
Each calibration started at base pressure where offset correc-
tions for the MDGs were determined and any necessary ad-
justments made to the test instruments. The data started
with a calibration pressure of about 10 ~7 Pa and proceeded
with increasing pressures to about 10~ ' Pa, with typically
six calibration points per decade. In some cases, calibration
data were taken for decreasing pressures as well, in order to
determine instrument hysteresis. In all cases, for each cali-
bration pressure, data for all of the PPAs and the BA gauges
were taken simultaneously, to within the 100 s required to
scan the common picoammeter through the instruments.
This allowed independent verification that any anomalous
behavior observed was due to the particular instrument rath-
er than a malfunction of the calibration apparatus.

Another important series of calibrations involved the de-
termination of the effect of a matrix gas on the sensitivity to a
test gas. For these measurements, a partial pressure of the
test gas, typically 10~ °® Pa, was established, measured, and
maintained at a constant value using one inlet system. The
offset correction of the MDGs in the calibration chamber
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and the other inlet system were then determined, so that the
constant test-gas pressure was part of the offset correction.
Using the second inlet system, the matrix gas pressure was
then varied as appropriate, while measurements were made
of the test-gas signal.

Data acquisition was computer controlled, and all data
were stored on magnetic disks for subsequent analysis. The
partial pressures could be automatically changed by com-
puter control of pneumatically actuated valves connecting
each ballast volume to a gas supply bottle or a vacuum
pump. This permitted data acquisition on a 24 h/day basis,
manual intervention being required only to change PPA
control parameters or gas supply bottles.

lll. RESULTS AND DISCUSSION

In many reports, PPA or ion gauge calibration results are
presented as plots of the logarithm of the ion current versus
the logarithm of the pressure. Unfortunately, this type of
presentation can obscure significant nonlinearities. There-
fore, we choose to present our results in terms of sensitivity S
defined as the ratio of the change in detected ion current to
the corresponding change in partial pressure of a particular
species x.

S(x) = [{(x) — I(x)]/[P(x) — Po(x)]. (1)

I(x) is the ion current at partial pressure P(x) when the
instrument is tuned to the molecular peak of species x, and
I,(x) is the corresponding value at some reference pressure
P, (x), generally the base pressure of the system. Note that
this definition differs from that commonly used for ion gauge
sensitivity in that the change in the ion current is not divided
by the electron emission current. As will be shown, the sensi-
tivity of any instrument is, in general, not constant, as it may
depend on a number of variables including molecular species
and time and history of use, as well as pressure and the oper-
ating parameters of the instrument.

In discussing the behavior of instrument response as a
function of time, the notion of a base sensitivity, .S, , is useful.
The base sensitivity is defined here as the sensitivity of an
instrument for a particular species, pressure, and set of oper-
ating parameters. For purposes of this study, the base sensi-
tivity was that determined for argon at a pressure of 10~* Pa.
Where the operating controls could be adjusted, they were
set for 1 mA electron emission current, 60 eV electron ener-
gy, and 5 eV ion energy. The peak width AM was adjusted to
1 amu at mass-to-charge ratios M /Q of 4 and 40. For instru-
ments with focus electrodes, the focus voltage was adjusted
for maximum ion current. For instruments with fixed pa-
rameters the values are those listed in Table 1. As will be
discussed, the sensitivity of the instruments varied signifi-
cantly with time and operating conditions. However, allow-
ing for these variations, there were large differences between
the sensitivities of the instruments. For example, with Fara-
day cup ion detection, the maximum argon sensitivity
achieved by adjusting ion energy at base operating condi-
tions at 10~* Pa, were (in units of 1077 A/P) 2.2, 5.0, 19, 26,
and 52 for PPAs D, B, E, C and A4 respectively.
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A. Dependence of sensitivity on operating controls

As previously noted, the performance of a PPA depends
on a number of operating parameters. No one set of param-
eters is optimum for all applications or all instruments.
Therefore, it is desirable to understand the relationship
between these parameters and instrument performance. In
many cases, as shown below, these relationships will be quite
different for different instruments. The control functions of
different instruments are in general similar, but different
names may be used for the same control by different manu-
facturers. We have tried to use the most common designa-
tions.

The electron energy control establishes the dc potential
between the cathode (filament) and anode. The ion energy
control establishes the difference between the dc potential of
the quadrupole axis and an electrode in the ion source. The
actual electron or ion energies may differ somewhat from the
control values because of space charge effects.

Note that at least two definitions of the resolving capabili-
ty of an instrument are in common use. The definition em-
ployed here is the peak width AM, at 10% of the peak height.
Peak width is approximately independent of mass-to-charge
ratio for a typical quadrupole adjustment. The peak width is
commonly adjusted by two variables: a dc offset on the qua-
drupole rods and the ratio of the variable rf to dc voltages on
the rods. The first of these most strongly affects the peak
width at low charge-to-mass ratios, the second the peak
width at higher masses. Controls for these two adjustments
are often referred to as resolution low and resolution high.
During these tests the resolution-low control was adjusted to
obtain a peak width of 1 amu at a mass-to-charge ratio of 4.
The resolution-high control was similarly adjusted at mass-
to-charge ratio 40. In Secs. III A 1-IIT A 4 below, we dis-
cuss the influence of instrument controls on the sensitivity at
a constant partial pressure of 10~ * Pa.

1. Electron emission

Figure 4 illustrates the correspondence between indicated
electron emission current and the detected ion current for
four of the instruments at an argon partial pressure of 10~*
Pa. (Emission current was not adjustable in instrument E.)
All of the instruments were operated with the base set of
parameters except, of course, for the electron emission. The
data shown in Fig. 4 were chosen to illustrate the range of
behavior possible with different PPAs. Although changing
the pressure, the gas, the ion energy or the electron energy
will result in characteristics different from those shown, the
characteristics differed from instrument to instrument more
than they did with these other variables. It is apparent also,
that PPAs do not necessarily show the proportional ion cur-
rent versus electron current relation that is expected for ion
gauges (although ion gauges are not always strictly linear
either).

We believe that the quite different behaviors illustrated in
Fig. 4 can be correlated with the different ion source designs
(refer to Fig. 2). Instrument C is the only one to show a
linear behavior over an extended range. Its ion source is an
open (“nude” or “grid”) structure somewhat similar to the
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FIG. 4. Ar™" ion current vs electron emission current for PPAs 4, B, C, and
Dat 10~* Paargon pressure, 60 eV electron energy (93 eV for PPA 4), and
5 eV ion energy. (Emission not adjustable in PPA E.) Ion current was
normalized to a value of 1 at /, = 1 mA.

filament and grid structure of a BA ion gauge. Instrument 4,
whose characteristic is not even monotonic, let alone linear,
has a very bright and compact source, with the filament posi-
tioned on the axis of the instrument. A possible qualitative
explanation for its behavior (the maximum in the ion cur-
rent versus emission current relation) is the following: in-
creasing the electron current in this source at first increases
the number of ions produced, but eventually the increasing
electron space charge modifies the field created by the source
electrodes. This may then decrease the ion draw-out effi-
ciency to the point that there is a decrease in the overall ion
yield of the source. Instrument D has a compact grid source,
intermediate in size and design between those of 4 and C.
The ionizer in instrument B is designed to produce a relative-
ly concentrated wedge-shaped electron beam directed per-
pendicular to the instrument’s axis. The very weak depen-
dence of ion current on emission current above 0.3 mA in
instrument B, and above about 1 mA with instrument D,
may also be due to the effects of electron space charge at
higher emission currents.

When lacking detailed information on the ion current vs
emission current relation for a particular instrument, an un-
suspecting user might select a “high” (e.g., 2 mA) electron
emission current for low pressure work ( < 10~ Pa) on the
assumption that this would assure a high sensitivity. As can
be seen in Fig. 4, this is not necessarily the case for all PPAs.
Another influence in the selection of emission current is the
assumption that reducing the emission current will enhance
the linearity with presssure. As the data in this paper will
show, this is true for some instruments but not for others.

Two secondary factors will also influence the choice of
emission current: filament life and degradation of insulators.
If the filament life is determined by evaporation rather than
by chemical attack,'? which is generally the case in baked
UHYV systems where the partial pressure of water is low,
filament life will depend strongly on emission current. A rule
of thumb for tungsten filaments is that, at usual emission
temperatures, a 10% increase in operating temperature will
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reduce the filament life by about a factor of 2 and increase the
emission current by almost a factor of ten. Rhenium'® and
thoria-coated iridium'* are other frequently used filament
materials. With these materials, the same electron emission
can be obtained at lower temperatures than with tungsten,
thus reducing the outgassing of the source and reactions
with active gas constituents (O,, H,0O, and H,). Note that
the filament temperature required to achieve a given emis-
sion current will depend on the electron accelerating voltage
(electron energy control). Generally, to maintain a given
emission current, operation with low electron energies will
require higher filament temperatures.

The evaporation or other transport of the filament materi-
al affects not only the filament lifetime, but may also slowly
degrade the performance of the ionizer by depositing con-
ducting layers on insulators. This can cause emission current
or source voltages to differ from nominal set values. Because
this is a gradual process, changes in PPA performance may
not be readily apparent. They can be detected by occasional
resistance checks of the insulators. More information on fila-
ment materials and on filament-sample interactions can be
found in Ref. 15, and in Refs. 16 and 17, respectively.

2. Electron energy control

The electron impact ionization cross section for most mol-
ecules and atoms increases with electron energy up to a max-
imum around 100 eV.'® Other factors remaining the same,
the sensitivity of a PPA will increase with increasing ioniza-
tion cross section. However, as can be seen in Fig. 5, the
sensitivity may depend on electron energy in a manner quite
different from that predicted by the cross section energy de-
pendence alone. The data in Fig. 5 are for argon at a pressure
of 10~ * Pa; the PPAs were operated at 1 mA emission and a
5 eV ion energy control setting. The peak sensitivity for in-
struments C and D occurred well below 90 eV, where the
argon ionization cross section is a maximum.'® Sensitivity
for instrument B monotonically decreased with increasing
electron energy control, starting as low as the minimum set-
ting of 30 eV.
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FiG. 5. Ar™ ion current vs electron energy control for PPAs B, C, and D at
10~ *Paargon pressure, 1 mA emission current, and 5 eV ion energy. (Elec-
tron energy not adjustable in PPAs 4 and E. See Table 1.) Ion current was
normalized to a value of 1 at E, = 60 eV.



3844 Lieszkovszky, Filippelli, and Tilford: Quadrupole partial pressure analyzers 3844

We do not understand these performance differences
among the test instruments. As shown in Fig. 2, the ionizer
geometries of instruments B, C, and D, although not identi-
cal, do not appear to differ in any fundamental way. Also,
the proportions and length of the quadrupole filter is some-
what different in each instrument (see Table I). Presum-
ably, the differences in behavior arise from competing in-
fluences of electron and ion space charge on the ion energies
as they enter the quadrupole filter. It is worth noting that
cross section measurements are carried out at much lower
emission currents than usual in partial pressure analysis
( <0.1 mA) " in order to avoid electron beam space charge
effects, and to assure that ion extraction efficiency is inde-
pendent of the electron energy.?°

Another consideration when choosing electron energy is
molecular fragmentation. Selecting a lower electron energy
will reduce fragmentation. This is not necessarily desirable.
The spectrum of molecular fragments (the cracking pat-
tern) may help in identifying molecules whose molecular
peaks cannot be resolved. As examples, most PPAs cannot
resolve the molecular peaks of CO and N,, or those of CO,
and N, O, but their cracking patterns are quite different and
may be used to resolve the ambiguities in the molecular peak.

As pointed out above, electron energy control will also
affect filament temperature: to maintain a given emission
current, the filament temperature must be increased as the
electron accelerating voltage is reduced. Filament tempera-
ture can be minimized by using the lowest emission current
required and the highest electron energy.

3. lon energy control

The data in Fig. 6 were obtained by varying the ion energy
control with other parameters at the “base” values and con-
stant argon pressure of 10~ * Pa. Peak width, which depends
on the rf/dc ratio as well as ion energy, was not held con-
stant. The rf/dc ratio control (sometimes known as “‘resolu-
tion high”) was initially adjusted to obtain a peak width of
AM = 1 amu at M /Q = 40 for an ion energy control setting
of 5 eV. Thereafter, the rf/dc ratio control remained fixed at

-
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FIG. 6. Ar™ ion current vs ion energy control for PPAs 4, B, C, and D at
107*4 Pa argon pressure, 1 mA emission current, and 60 eV electron energy
(93 eV for PPA A4). Ion current was normalized toavalueof lat E, = 5eV.
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that setting. As can be seen in Fig. 6, the sensitivity of each
test instrument increased with ion energy control. The
steady increase of the sensitivity with ion energy has led at
least one manufacturer to call this control-the “sensitivity
control”.

In the analytical treatment of an ideal instrument (very
long rods and no fringing fields at entrance and exit), the
filtering action of the quadrupole is independent of the ion’s
speed, provided it is not too fast.”' Nevertheless, as shown in
Fig. 6 and as reported by Brubaker” and Austin et al.,
there is a strong correlation between sensitivity and ion ener-
gy. This correlation appears to be due to two factors. First, as
the ion energy is increased, the angular distribution of ions
leaving the source (angular emittance) is narrowed, result-
ing in a better match with the acceptance of the analyzer.
Second, as the ion energy increases, the ions spend less time
in the fringe fields between the source and the analyzer, with
a consequent reduction in ion loss associated with this re-
gion.”* We believe that the nonlinear behavior for instru-
ment A4 compared to the other instruments, may arise from a
relatively high space charge in its ion source. Data taken at
0.1 mA electron emission, as opposed to the 1 mA used for
the data in Fig. 6, yielded a much more linear sensitivity
versus ion energy relation. Some dependence of sensitivity
on the ion source space charge can be expected since the
energy of an ion is, as noted before, not just dependent on the
ion energy control, but rather is determined by the total po-
tential difference between the ion formation region and the
axis of the quadrupole, including the effect of space charge.

4. Peak width

As noted before, peak width AM (sometimes called “reso-
lution’’) depends on both ion energy and the rf/dc ratio on
the quadrupole rods. The rf/dc ratio has the major effect on
peak width since this parameter determines the range of
M /Q values for which ions perform bounded oscillations in
the quadrupole field. On the other hand, as the ion energy is
increased at fixed rf/dc ratio, the ions spend less time in the
fringing fields at the entrance and exit of the quadrupole and
therefore a larger fraction of the selected ions reach the de-
tector, with little change in peak width. As an example, con-
sider the data shown in Fig. 7. The filled circles represent
measured values of Ar* ion signal and peak width for in-
strument D at an argon pressure of 10 ~* Pa. The influence of
both the rf/dc ratio and the ion energy on the relation
between ion current and peak width in this instrument is
shown by the two families of curves. The solid lines connect
the data points obtained by varying the ion energy control at
fixed resolution control (rf/dc ratio) settings (indicated by
the letters a—g). The complementary dotted lines connect
data points corresponding to a constant value of ion energy.
A similar family of curves, plotted against reciprocal peak
width, is shown in Fig. 6.17 of Ref. 21.

Usually, there is another control influencing the peak
width—the dc offset or “resolution low”—which has a large
effect on the lower masses (H,, He). The usual mode of
operation is to adjust for more or less constant peak width
over the entire mass range.”” This adjustment results in re-
duced transmission at higher masses.?® The adjustment also
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Fi1G. 7. Influences of both ion energy (eV) and rf/dc ratio on relationship
between Ar ™ signal and peak width Am in PPA D at 10~ Pa argon pres-
sure. Solid curves labeled @ through g correspond to seven different settings
of the rf/dc ratio control; dotted curves correspond to constant ion energy.
Ion currents are all scaled by the same factor, somewhat arbitrarily chosen,
to make the largest current have a value of 0.9.

can have a significant effect on the relative sensitivities for
different gases. For example, by adjustment of the resolu-
tion-high and resolution-low controls in instrument D, the
ratio of the peak heights of the He * and Ar* signals devel-
oped from a 1:1 Ar/He mixture could easily be made to vary
from 1:9 to 9:1.

B. Dependence of sensitivity on gas species

As in the case of ion gauges, for a given instrument it is
convenient to express its sensitivity for a specific gas as a
relative sensitivity, i.e., as the ratio of its absolute sensitivity
for this gas to its absolute sensitivity for a reference gas, in
this case argon.”” In the preceding section it was mentioned
that, for a given PPA, relative sensitivity for different gas
species can be varied significantly by adjustment of its reso-
lution-high and resolution-low controls. However, even if
these controls are adjusted in the same manner for different
instruments, i.e., if the instruments are each adjusted for
peak widths of 1 amu at mass-to-charge ratios of 4 and 40,
significant differences are observed in the relative sensitivi-
ties of different instruments as a function of gas species. Ta-
ble IT shows the sensitivity values relative to argon for differ-
ent gases measured at the molecular ion peak and base
parameter set (I, =1 mA, E, =60 eV, E; =5 eV, and
AM =1 amu). Note that these values differ significantly
from one instrument to another, and in many cases they
differ significantly from various tabulated values for ioniza-
tion gauges.

There are a number of factors that can cause this variabil-
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ity. The relative sensitivity for different gases depends on the
fragmentation factor, the ionization probability relative to
argon, the transmission factor and the detection probability,
also relative to argon. The fragmentation factor?® for a par-
ticular ionic species is the ratio of ion current measured for
that ion species to the sum of ion currents measured for each
of ionic species produced from the parent molecule (the
cracking pattern). Cracking patterns are tabulated in man-
uals or can be found in the literature.?*?*° However, as not-
ed before, the cracking pattern and fragmentation factors
depend on the electron energy. The fragmentation factor
also depends on the construction of the source and on the
source parameter adjustments. Therefore, tabulated frag-
mentation factors should be relied upon only for qualitative
analyses or compound identification. The transmission fac-
tor covers the acceptance and discrimination of the filter**
and so depends mainly on the resolution settings and the ion
energy. The detection probability is effectively invariant for
different species for Faraday cup detectors, but SEM gain
may depend considerably on ion species.****

C. Linearity of ion current with partial pressure

For many applications, a nearly linear relation between
ion current and partial pressure is highly desirable. A linear
response simplifies the calibration of a PPA since the sensi-
tivity need not be determined over the entire pressure range,
and even the analysis of relative partial pressures will be
simplified if corrections do not have to be made for the pres-
sure dependence of relative sensitivities. We have investigat-
ed the influence of several factors on the linearity.

1. Operating parameters

We have investigated the influence of operating param-
eters on linearity by calibrating each of the instruments with
argon over the pressure range 10~ 7 to 10~ ' Pa, for different
combinations of operating parameters. Specifically, except
in cases where the operating parameter could not be adjust-
ed, each instrument was calibrated for electron emission cur-
rents of 0.5, 1, and 2 mA,; electron energy control settings of
30, 60, and 100 eV; and.ion energy control settings of 3, 5,
and 10 eV. The 27 different calibrations obtained for each of
the five instruments revealed a wide range of behavior.

We attempt to illustrate this range of behavior for each of
the five instruments in Figs. 8~12. Of the 27 data sets for each
PPA, three different sets of data have been selected: an ex-
ample showing nonlinearity at low pressure (if the instru-
ment exhibited such behavior), plotted with filled circles; an
example showing nonlinearity at high pressure, plotted with
filled squares; and, the most nearly linear data set, plotted as
a continuous line without a plotting symbol. To facilitate
comparison of nonlinearity, each set of data has been nor-
malized to a value of 1 at 10 ~* Pa. In each figure, part of the
data set showing nonlinearity at high pressure has been
scaled by the factor indicated in the plot.

From these plots it is apparent that there are significant
differences in the nonlinearities for the different instru-
ments. These differences are even more apparent from an
examination of the entire set of 27 calibrations for each in-
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TABLE II. Sensitivities, relative to argon, determined in this work for the five PPA test instruments and the two
ion gauges; T = tubulated BAG, and N = nude BAG. All sensitivities were determined using the molecular
ion (for example, CH," for CH,). All PPA ionizers were operated at, or as close as possible to, the ““base”
parameter set: I, = 1 mA, E;, = 5 eV, and E, = 60 eV. Resolution controls were adjusted to obtain AM =1

amu at M /Q = 4 and 40.

Test Instruments

Partial pressure analyzers Ton gauges
Gas species A B C D E T N
Ar 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CH, 0.60 0.72 0.79 0.37 0.70 1.08 1.15
CO, 0.75 0.58 0.89 0.73 0.76 1.02 1.10
N,O 0.65 0.35 0.58 0.43 0.51 0.98 1.06
CcO 0.53 0.74 0.67 0.48 0.80 0.70 0.72
N, 0.51 0.75 0.64 0.48 0.81 0.69 0.70
H, 0.31 0.82 0.91 0.15 1.25 0.31 0.28
He 0.05 0.26 0.20 0.23 0.32 0.13 0.13

strument. For PPA D, the examples of nonlinearity shown in
Fig. 11 as circles and squares could be obtained only for
extreme choices of the ion and electron energy. As shown in
Figs. 13 and 14, for most choices of operating parameters,
the nonlinearity in instrument D was relatively small and
very close to that illustrated by the data for the “most linear”
case. On the other hand, the nonlinearities at high and low
pressure illustrated for PPA 4 were observed for a wide
range of its operating parameters, and the most linear case
was a best compromise between these two extremes. Figure
15 shows the marked influence of electron emission current
on linearity in PPA 4.

We have tried to correlate features of the observed behav-
ior with different combinations of operating parameters.
There seemed to be no inviolable rules, but certain qualita-
tive trends could be recognized. For example, in all the in-
struments except PPA C, electron energy had a relatively
weak influence on linearity in comparison with ion energy
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FiG. 8. Examples of Ar sensitivity vs pressure for PPA A. Data shown as
solid squares correspond to I,(mA)/E, (eV)/E,(eV) = 2/93/3; solid cir-
cles 0.5/93/10; smooth curve 1/93/10. Sensitivities are normalized to a
value of 1 at 10~ * Pa.
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and electron emission. Two of these trends appear to be par-
ticularly noteworthy.

(a) A maximum in the sensitivity tended to develop in the
10 °-10~" Pa pressure range whenever an instrument was
operated at “low” ion energy. This is illustrated in Fig. 16.
The height of this sensitivity maximum increased with elec-
tron emission current and electron energy (refer to Figs. 13
and 14, for example). The magnitude of the increase in sensi-
tivity exhibited by some instruments, relative to their sensi-
tivity at 10~ * Pa, was surprising, becoming as large as a
factor of 100 for instrument A4 (see Fig. 8). This sensitivity
maximum at high pressure has often been observed for PPAs
and ion gauges,”®>°® and has been attributed to space
charge effects.

(b) A gradual decrease of sensitivity with increasing pres-
sure, without the development of a sensitivity maximum,
was evident in four of the test instruments when operated at
“high” ion energy. Thisisillustrated in Fig. 17. A particular-
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Fi1G. 9. Examples of Ar sensitivity vs pressure for PPA B. Data shown as
solid squares correspond to I,(mA)/E, (eV)/E,(eV) = 1/80/3; solid cir-
cles 1/30/10; smooth curve 0.5/60/10. Sensitivities are normalized to a
value of 1 at 10 * Pa.
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F1G. 10. Examples of Ar sensitivity vs pressure for PPA C. Data shown as
solid squares correspond to I, (mA)/E, (eV)/E;(eV) = 2/100/3;solid cir-
cles 2/100/10; smooth curve 0.5/60/10. Sensitivities are normalized to a
value of 1 at 10~ Pa.

ly puzzling aspect of this behavior is that the onset of this
decline in sensitivity could occur at quite low pressures: the
argon data shown in Fig. 17 indicate a continual sensitivity
decrease with increasing pressure, for pressures greater than
about 10~ 7 Pa for instrument 4, above about 10 ¢ Pa for
instrument E, and above about 10 ~° Pa for instrument C. A
significant nonlinearity is evident for PPA B above about
10~ * Pa. The behavior of instrument D at high ion energy
was exceptional. Over the range 10~ to 10 ~* Pa, its sensi-
tivity varied by no more than + 3.5% from its average val-
ue.

Without a detailed analysis of the potential distribution in
the ion formation region at high and low ion energy oper-
ation, as well as the effect of space charge on this distribu-
tion, we can only speculate about the causes of these ob-
served effects. However, the fact that in all five test

2.0

Normalized Sensitivity
—h -t
=) 1)

T T

e
[3)
T

0.0 L ] ! ! I
-7 -6 -5 -4 -3 -2 -1

Log Pressure (Pa)

F1G. 11. Examples of Ar sensitivity vs pressure for PPA D. Data shown as
solid squares correspond to I, {mA)/E, (eV)/E (V) = 2/100/3;s0lid cir-
cles 0.5/60/10; smooth curve 1/100/10. Sensitivities are normalized to a
value of 1 at 107 Pa.
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F1G. 12. Examples of Ar sensitivity vs pressure for PPA E. Data shown as
solid squares correspond to I, (mA)/E,(eV)/E;(eV) = 1.45/58/3; solid
circles 1.45/58/5; smooth curve 1.45/58/4. Sensitivities are normalized toa
value of 1 at 10~ Pa.

instruments the detected ion current increased with ion en-
ergy (see Fig. 6, data obtained at fixed pressure of 10~ * Pa)
suggests an explanation in the case of the sensitivity maxi-
mum at high pressure, which occurred when the instruments
were operated at low ion energy (see Fig. 16), but was great-
ly reduced or absent at higher ion energies (see Fig. 17).
Referring to Fig. 6, we see that with low ion energy operation
(say E;, =3 eV), a given incremental increase AE; in ion
energy (say AE;~1 eV) will produce a much larger (per-
centage) increase in detected ion current than the same ener-
gy increment at high ion energy (say E; = 10eV). We specu-
late that the sensitivity maximum observed at high pressure
during low ion energy operation is the result of such an incre-
mental increase in ion energy produced by a positive ion
space charge which increases with pressure and raises the
potential difference between the ion formation region and
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F1G. 13. Ar sensitivity vs pressure for PPA D at several different combina-
tions of electron energy E, and electron emission current /,. Ion energy
fixed at E, = 5 eV. Sensitivities are normalized to a value of 1 at 10™* Pa.
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F1G. 14. Ar sensitivity vs pressure for PPA D at several different combina-
tions of ion energy E; and electron emission current 7, . Electron energy

fixed at E, = 60 eV. Sensitivities are normalized to a value of 1 at 10—* Pa.

the quadrupole axis. The particularly large sensitivity in-
crease observed in the case of PPA A4 (see Figs. 8 and 16) is
consistent with the very large fractional change in ion cur-
rent with ion energy in the vicinity of E; = 3 eV for PPA 4
(Fig. 6). For all instruments, at sufficiently high pressure,
sensitivity begins to decline with further increase in pressure
because of fon loss due to recombination and ion-molecule
scattering. The relatively small magnitude of the sensitivity
increase for some PPAs would seem to imply that their ion-
izer design reduces the influence of space charge on ion ener-
gy.

Unfortunately, at this time we are unable to construct
even a speculative explanation for the other effect described
above in section (b) (viz., the gradual sensitivity decline
with pressure at high ion energy). We believe that to gain a
fundamental understanding of these effects, it will be neces-
sary to combine an analysis of the potential distribution in
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F1G. 15. Influence of electron emission current on linearity of PPA A’s
response to Ar. Electron and ion energies fixed at £, =93 eV and E, = 5

eV. Sensitivities are normalized to a value of 1 at 10~* Pa.
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Fi1G. 16. Examples of the sensitivity maximum (in argon) exhibited by each
instrument at low ion energies (2-3 eV). Electron emission current and
electron energy at 1 mA and 60 eV, respectively, except I, = 1.45 mA and
E, =358eVfor PPAE, and E, = 93 eV for PPA A. Each sensitivity curve is

normalized to a value of 1 at 10~ Pa.

the ionizer with experimental determination of the energy
and velocity distribution of the ions as they exit the ionizer
and enter the quadrupole.

2. Gas species

The dependence of linearity on gas species was evaluated
by performing calibrations with different inert gases. Ion
source parameters were deliberately selected to produce
nonlinearities at either high or low pressures. As can be seen
in Fig. 18, the nitrogen results obtained with PPA-C at low
ion energy are very close to those obtained for argon. For
helium however, the deviations from linearity start at a sig-
nificantly higher pressure than for argon and nitrogen.
These results appear to be correlated with positive ion space
charge formation. With helium, the same magnitude of ion

2.0 T T T T T

Normalized Sensitivity
o

0 l ]
-7 -5 -4

Log Pressure (Pa)

Fi1G. 17. Examples of nonlinear pressure response in argon at low pressure.
Each curve is normalized to a value of 1 at 10™* Pa. Ion source parameters
for instruments A through E were I, (mA)/E,(eV)/E, (eV) = 0.5/93/10,
1/30/10, 2/60/10, 0.5/60/10, and 1.45/58/6, respectively.
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F1G. 18. Influence of gas species on high pressure nonlinearity in PPA C.
Each curve is normalized to a vatue of 1 at 10~ * Pa. Ion source parameters
set at [, (mA)/E, (eV)/E;(eV) = 1/60/3.

space charge is expected to be formed at about an order of
magnitude of higher pressure than in argon because the heli-
um ionization cross section is about one tenth that for argon.
Figure 19 shows the corresponding “high” ion energy results
obtained with PPA E, an instrument which exhibited non-
linearity at low pressure (see Ar results in Figs. 12 and 17.)
In this example, the degree of nonlinearity, especially at low
pressure, is significantly smaller with He than for N, or Ar.
Unlike the results shown in Fig. 18, the pressure dependence
of the sensitivity is significantly different for each gas, and a
simple shift along the pressure axis will not bring the He
results into coincidence with the N, or the Ar results. Lin-
earity measurements were attempted with noninert gases as
well (CO, CO,, H,, N, 0, and CH, ), but considerable diffi-
culties arose as will be discussed in the next section.

3. Hysteresis

For a given partial pressure, the ion signal developed in a
PPA may depend, to a significant extent, on the pressure
history of the instrument. This effect, when it arises from the
influence of gas exposure on the instrument’s sensitivity will
be referred to as hysteresis. However, examination of this
effect can be complicated by long-time-constant transient
behavior in the pressure as a result of adsorption/desorption
phenomena in the vacuum chamber and attached instru-
ments. Hysteresis was investigated as follows: for each test
gas, the instruments’ sensitivities were determined at about
five pressures per decade, starting at about 10—’ Pa and in-
creasing to a maximum pressure between 10 ~* and 10~ ' Pa
at a rate of about one decade per hour (the “up” path). The
calibration pressures were then reduced back down to 10~’
Pa at about the same rate (the ‘“down” path), again with
sensitivities determined at about five points per decade. At
any given pressure, a difference between the sensitivity de-
termined along the down path and along the up path is evi-
dence of a possible hysteresis in the instrument.

In Ar, He, and N, differences between the up and down
sensitivity measurements were most pronounced in instru-
ments A and B, and relatively very small in PPA-D. For
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maximum pressure excursions greater than about 10 Pa,
significant up—down differences were quite evident in PPA-
A and PPA-B, as soon as the pressure was reduced below the
maximum value, and these differences in sensitivity persist-
ed as the pressure was further reduced back down to zero. In
the other instruments (C, D, and E) an up—down difference
gradually became evident as the pressure was reduced back
down to zero. The largest differences between initial and
“final” ion currents at 10~7 Pa were shown by PPA 4 and
ranged from 25% to 80% of initial value. Corresponding
differences for PPA B ranged from 10% to 20%, and from
5% to 15% for instruments C, D, and E, with PPA D exhi-
biting the smallest changes. Apparent sensitivity differences
at 10~ 7 Pain the ion gauges were also limited to 15% or less.
Since all the instruments were simultaneously exposed to the
same schedule of pressure changes, the distinctly larger hys-
teresis exhibited by instruments 4 and B cannot be ascribed
solely to pressure measurement errors arising from adsorp-
tion/desorption phenomena in the chamber, but rather is
due to the individual hysteresis characteristics of these two
instruments. One possible explanation for the hysteresis seen
in these instruments is the alteration of ion energy as a result
of the buildup and slow decay of surface charges.***

As in the case of linearity measurements, the attempted
hysteresis measurements with less-inert gases (H,, CO, O,,
N, O, and CQ, ) yielded results which depended much more
strongly on the rate at which the test gas pressure was var-
ied-—the apparent sensitivities changed with very long
(hours) time constants. Similar behavior was shown by the
ion gauges. Changing the pressure at much slower rates
(e.g., allowing as long as 1 h for the signals to stabilize before
each measurement), resulted in smaller hysteresis effects.
Some of this may be due to changes in PPA performance, but
we believe that a large part of this effect was due to true slow
changes in the calibration gas pressure. Using inert gases, an
equilibrium pressure could be established in a matter of min-
utes, limited by the gas flow rate and the volume of the cali-
bration chamber. However, during high pressure ( > 10~*
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F1G. 19. Influence of gas species on linearity in one of the test instruments
(PPA E) which showed significant nonlinearity at low pressure. Each
curve is normalized to a value of 1 at 10™* Pa. Ion source parameters set at
I,(mA)/E, (eV)/E;(eV) = 1.45/58/6.
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Pa) O, measurements, the MDGs, which do not employ a
hot filament, indicated that the pressure was approaching
equilibrium with a time constant of hours. This occured even
with the PPAs turned off, and we therefore believe it was
caused by adsorption in the calibration chamber. We believe
that this same phenomenon may account for part of the long
response time observed for the PPAs at lower pressures with
other active gases.

D. Instrument-gas interactions

In general, it must be expected that the measuring instru-
ment (the PPA) and the gas in which it operates each will, to
some extent, affect properties of the other. We will use the
term interference to refer to the influence of one gas on an
instrument’s sensitivity and linearity to another gas and the
term instrumental perturbation to refer to the influence of
the instrument on the pressure and composition of the gas in
which it operates.

1. Interference

In most applications it is important to know the extent to
which the composition and total pressure of a gas influences
the signal developed from a particular component of the gas.
Apart from the problem of overlapping neighboring peaks,
there are a number of reports in the literature of such inter-
ference effects. For example, the sensitivity to helium in a
He—Ar mixture has been found to change as the argon pres-
sure was varied.”” Similarly, in another experiment, the sig-
nal due to a constant partial pressure of krypton depended
on the argon carrier gas pressure.”” In another instance, it
has been reported that ion currents developed from residual
gases, believed to be at constant pressure, depended on a
much larger total pressure, mainly argon.*!

We have investigated such effects by measuring the re-
sponse to a constant pressure, typically 10~ ° Pa, of a trace
gas as the pressure of a matrix gas was varied between 107
and 10~ ' Pa. Curve 1 of Fig. 20 shows the results of a mea-
surement of helium signal for PPA E at a constant partial
pressure of helium as the presssure of the matrix gas (argon)
was varied; conversely, curve 3 gives the results for a trace of
argon in a variable pressure helium matrix. Shown also is the
pressure dependence of the sensitivity to the matrix gas alone
(curves 2 and 4). Apart from deviations at high pressure
(> 10~*Pa), the results given in Fig. 20 show that the signal
developed from the constant-pressure trace gas and the sen-
sitivity to the matrix gas both exhibited the same dependence
on the matrix gas pressure. This suggests that the mecha-
nism responsible for the basic nonlinearity also causes the
signal for one gas to depend on the pressure of another.

A similar conclusion can be drawn from the data present-
ed in Fig. 21 for PPA C. The ionizer parameters chosen in
this case resulted in nonlinear behavior only at high pres-
sure. The magnitudes of the nonlinearities differed for the
trace and the matrix gases, but the similarity in the pressure
dependence is evident. Examination of the results obtained
with the other instruments also suggests that as a general
rule, at least in the case of a trace of He in Ar and vice versa,
the trace gas signal depends on the matrix gas pressure in the
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F1G. 20. Curves 1 and 3 show fon signal developed from a constant-pressure
(1074 Pa) trace gas as the pressure of another gas (the matrix) is varied.
Data is for PPA E, an instrument which exhibited significant nonlinearity
at low pressures. Curves 2 and 4 show the pressure dependence of the instru-
ment’s sensitivity to the pure matrix gas. All curves normalized to a value
near 1 at 10~* Pa. Ion source parameters were set at I, (mA)/E,(eV)/E,

(eV) = 1.45/58/6.

same way that the instrument’s matrix gas sensitivity de-
pends on matrix gas pressure.

Another type of interference effect was evident when ac-
tive gases were introduced. In a second set of experiments, a
constant flow of an equal-parts He/N, /Ar mixture was es-
tablished, creating a total pressure of about 10~* Pa in the
calibration chamber. Different test gases were then intro-
duced at a partial pressure of about 10~* Pa for a period of
about two min. The He™, N,", and Ar * signals were con-
tinuously monitored during this process. When the test gas
was relatively inert (He, Ar, N, ) there was no significant
difference between the monitored signals before exposure
and about ten min after exposure to the test gas. However,
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F1G. 21. Curves 1 and 3 show ion signal developed from a constant-pressure
(107° Pa) trace gas as the pressure of another gas (the matrix) is varied.
Data is for PPA C, with ionizer parameters chosen to obtain nonlinearity at
high pressures. Curves 2 and 4 show pressure dependence of the instru-
ment’s sensitivity to the pure matrix gas. All curves normalized to have a
value near 1 at 107* Pa. lon source parameters I,(mA)/E,(eV)/E,

(eV) = 1/60/3.
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immediately following the brief exposure to active test gases
(CH,, H,, CO, CO,, C;H;, and O, ) the He*, N,*, and
Ar™ signals all had changed by the same factor, which
ranged from 2% to 10%. Sensitivity increased in some of the
instruments and decreased in others, and a slow return of
sensitivities to pre-exposure values was observed. These ef-
fects are illustrated for PPAs 4, D, and E in Fig. 22, for the
case of O, test gas exposure. The largest changes occured
with O, and C,Hg, and for a given instrument these two
gases always caused sensitivity changes in opposite direc-
tions. If higher pressure of the active test gas was used, the
changes in the sensitivities for the mixture components were
larger. In contrast to the PPAs, ion currents in the BA
gauges very promptly returned to previous values following
the brief exposure to the test gas.

We can only speculate as to the cause of this effect.
Changes in filament properties would seem to be ruled out
by the lack of an effect in the ion gauges. Possibly the active
gases caused the generation and deposition of conducting
films on insulators, or insulating films on the quadrupole
rods. Subsequent operation may have reduced or oxidized
these films. As mentioned in the section on hysteresis, sur-
face charging®®*° can cause changes in the sensitivity. In par-
ticular, changes of only a few parts per thousand in the dc
potential on the rods can cause much larger changes in the
ion current transmitted by the quadrupole.?®*®

2. Instrumental perturbations

As with both hot and cold cathode ionization gauges, the
possibility exists that a PPA will perturb the pressure to be
measured. Depending on its history, a PPA can be either a
source or a sink for gas. This may explain part of the long-
time-constant effects which were observed with the active
gases. In the present work we have not attempted to study
instrumental perturbation effects in detail for the test PPAs.
However, these problems are discussed in number of pub-
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Normalized Argon Sensitivity
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Fi1G. 22. Transient shift in Ar sensitivity of instruments 4, D, and E at
P[Ar] =3 X107 Pa following brief exposure (2 min) to O, at 10~ * Pa at
time = 2 h. Data are normalized to have value 1 for time < 2 h. Instruments
B and C also exhibited a transient shift of comparable magnitude, but for
clarity, the data are not shown in this figure.
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lished works. These effects, which can cause major difficul-
ties in the measurement of active gases, arise through elec-
tron stimulated desorption,**™** and chemical and electronic
pumping.*>*® There are reports in the literature of solutions
to these problems for particular gases, e.g., (CH;),Pb,¥’
SiF,,** H,,* H,0,° and O, .*' In many cases the interac-
tions can be quite complicated—active gases may react to
form other gaseous compounds, or they may displace pre-
viously adsorbed gases. A general solution to these problems
is to “‘condition” the PPA and the system with a continued
exposure to the gas of interest until equilibrium is estab-
lished. This implies that a repeatable steady-state condition
can be achieved. If this is the case, the time constants may be
quite long and this conditioning process must be used during
both the calibration and the measurement.

E. Stability of sensitivity with time and use

The stability of an instrument determines how often cali-
bration is required to assure a desired level of accuracy or,
conversely, it determines the level of accuracy that can be
expected as a function of time since calibration. PPA specifi-
cation sheets often include a figure called “stability” but this
generally refers to the electrical stability of certain supply
circuits or emission regulation, rather than to the measure-
ment characteristic of the instrument as a whole.

We have evaluated the stability of our PPAs from the re-
peated measurements of the absolute argon sensitivities with
the operating parameters at the base settings. As noted be-
fore, Faraday cups were used for all measurements, all in-
struments were calibrated simultaneously, PPAs 4 and C
had thoria-coated iridium filaments; the others were tung-
sten.

The stability of the absolute sensitivity can be seen in Fig.
23. These are absolute argon sensitivity measurements at
10~* Pa, with operating parameters set to base values. The
sensitivities for each instrument have been normalized by
their average value over the 220 day test period. Data for the
nude ion gauge are shown at the bottom of the figure. Up to
day 130 the instruments were operated only with inert gases.
During this time relatively large changes were observed for
PPA A4, significant changes were observed in the sensitivities
of instruments B and E, while C and D were more stable. The
experiments with active gases were then conducted, and ar-
gon calibrations were not performed again until day 200. As
noted before, exposure to active gases caused an immediate
change in sensitivity, that then decayed over a period of
hours to days. The data of Fig. 23, particularly for C and D,
suggest that active-gas exposure may also cause ‘“‘perma-
nent” shifts as well. The ion gauge appears to be relatively
stable and unaffected.

Similar results have been reported by other authors. Ellef-
son presents long-term stability data for a cycloid-type spec-
trometer indicating a + 20% change over a 4 yr period.*
Other authors report much higher changes in the absolute
sensitivities of quadrupole instruments. Blanchard et al.,”
using PPAs equipped with rhenium filaments, reported sen-
sitivity changes as large as a factor of 2 over intervals of a few
weeks, with the largest changes correlated with extended
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F1G. 23. Repeated Ar sensitivity measurements at the base set of operating
parameters for the five test instruments over a 220-d period. In each plot,
the data are normalized by S[Ar], the arithmetic average of all the mea-
surements for that instrument. For days 0-129, the instruments were ex-
posed only to inert gases (He, N,, and Ar).

exposure to H, at pressure > 10> Pa. When the rhenium
filaments were replaced with tungsten, week to week varia-
tions in sensitivity were found to be significantly smaller
(usually < 10%). Calcatelli et a/.,** in a year long history of
a quadrupole PPA operated with a Faraday cup, indicate
sensitivity changes of up to 20% between calibrations, in-
cluding a 20% increase over 50 d while the PPA was left at
base pressure. The authors speculate that this might have
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been caused by changes in surface properties, particularly
that of the ion collector. Holme et al., ** also report long-
term stability data on a quadrupole, estimating AS /S to be
invariant within + 1% over a one-day period and within
+ 10% over a one-year period. The use of electron multipli-
ers are expected to decrease the stability even more, especial-
ly when they are new. Dylla*® reports a decrease of instru-
ment sensitivity by a factor of 5 after a few weeks, and
attributes it to the aging of a new multiplier. Smaller long-
term decrease in sensitivity, also attributed to multiplier ag-
ing, is reported in Ref. 53. In many applications (e.g., con-
centration measurements) only the stability of the relative
sensitivities are of importance. These are generally more sta-
ble than the absolute sensitivities. Ellefson® reports that the
ratios of sensitivities are at least one order of magnitude
more stable than absolute sensitivities.

Since the linearity of the instruments has been shown to be
highly dependent on operating parameters, one might also
question, how stable is the linearity characteristic with time.
Figure 24 includes five separate calibrations of PPA D, with
the same operating parameters, over a 35-d period. In order
to highlight any changes in the linearity, each data set has
been normalized by the sensitivity at 10~* Pa. As can be
seen, the linearity is essentially unchanged over this time
period. The standard deviation about the mean of the five
absolute sensitivity measurements at 10 ~* Pa was 3%. How-
ever, as shown in Fig. 25, over the same 35-d interval the
data for PPA A indicated significant changes in the linearity.
The absolute argon sensitivity of PPA 4 at 10~ * Pa during
this same period ranged from 2.2 X 10~ ° A/Pa on day 1, to
1.5X 107° A/Pa on day 14, to 1.0 10~ A/Pa on days 30,
34, and 35. Results for the other instruments were intermedi-
ate between these two extremes.

IV. CONCLUSIONS

In a long-term examination of sensitivity, resolution, lin-
earity, interference, and stabilty we were able to obtain a
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F1G. 24. Stability with time of the linearity (sensitivity vs pressure) of PPA
D in argon over a 35-d period. Five separate curves are plotted here, each
normalized to a value of 1 at 10™* Pa. The standard deviation about the
mean of the five absolute sensitivity measurements at 10~ Pa was 3%. Ion
source parameters were I, (mA)/E, (eV)/E, (eV) = 1/60/5.
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FIG. 25. Stability with time of the linearity (sensitivity vs pressure) of PPA
A in argon over a 35-d period. Five separate curves are plotted here, each
normalized to a value of 1 at 10~* Pa. Curve labels identify specific days of
the 35-d period. The absolute sensitivity measurements determined at 10~
Pa on each of the five days ranged from 2.2X 107 A/Pa on day 1, to
1.5%107°A/Paond 14, to 1.0 10~° A/Paon d 30, 34, and 35. Ion source
parameters were I, (mA)/E,(eV)/E;(eV) = 1/93/5.

complete set of data for only five instruments, each of differ-
ent manufacture. In many cases we do not understand the
fundamental causes of the observed behavior. Therefore, we
cannot say to what extent our results are typical of a particu-
lar design, let alone how typical they are of commercial
PPAs in general. In addition, the importance of the various
performance factors for a PPA will depend on its intended
application. However, even with these limitations, these
data clearly show that for many applications the perfor-
mance of these PPAs differed considerably. Some of the in-
struments, with calibration, could attain uncertainties of a
few percent. The behavior of other instruments was so com-
plicated and dependent on operating parameters that cali-
bration would be a difficult and even questionable task and
in some cases very large errors are possible. In particular, for
these worst-case instruments, the wide variation in relative
sensitivities could cause errors as large as two orders of mag-
nitude in the measurement of relative partial pressures. Simi-
larly, the dependence of trace gas sensitivity on matrix gas
pressure could cause errors of the same magnitude in deter-
mining the low-level concentrations of trace gases. The use
of active gases clearly complicates the problems. A review of
the data suggests that many of the undesirable characteris-
tics may be due to space charge effects in the ionizers.
While the examples cited above are extreme, and the er-
rors will be smaller with other instruments or operating con-
ditions, they should cause the user to examine his or her
assumptions about the behavior of PPAs and to recognize
the effort required to obtain quantitative results. In order to
obtain accurate partial pressure measurements it is desirable
to select a well-behaved instrument and it is necessary to
calibrate it. These can be difficult tasks, particularly when
gas interference effects are significant. However, useful cali-
bration results can be obtained using calibrated Bayard-Al-
pert ionization gauges as reference standards. In general, ion
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gauges are much more linear, stable, and predictable than
any of the PPAs that we tested, and such a calibration will
serve to determine the PPA’s sensitivity and linearity with
single-component gases. At high pressures (S 10~ Pa),
better accuracy can be obtained if the ion gauge and PPA are
calibrated against a molecular drag gauge. Such determina-
tion of an instrument’s linearity with single-component gas-
es may be particularly useful since the present results indi-
cate that, when analyzing a mixture, gas interference effects
will be minimal with a linear instrument. If the PPA is non-
linear, then partial pressure sensitivities will probably de-
pend on the pressure of other gases. Periodic comparisons
with the ion gauge, again with single-component gases, will
serve to monitor the stability of the PPA. The accuracy of
these results will be limited by the performance of both the
PPA and the ion gauge, but will surely be much better than
the results obtained with an uncalibrated PPA. For the accu-
rate measurement of partial pressures one requires appropri-
ate instrumentation and knowledge of the characteristics of
that instrumentation, as well as an understanding of the
measurement process.
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